Testing the therapeutic potential of transcranial magnetic stimulation (TMS) 
Introduction
S everal controlled trials have found that transcranial magnetic stimulation (TMS) exerts antidepressant or antimanic effects (George et al 1997; Grisaru et al 1998; Klein et al 1999; Lisanby and Sackeim 2000; PascualLeone et al 1996) . However, effect sizes have varied considerably, and some studies found no difference between active TMS and sham stimulation (Loo et al 1999) . In the Loo et al (1999) study, the lack of a differential effect between the active and sham treatments was seen in the presence of a substantial therapeutic response in the sham condition. Variability in therapeutic effects across studies may reflect differences in the biological activity of the sham manipulations employed. Validating the sham condition is key to determining whether TMS has therapeutic properties.
A valid sham should simulate the ancillary aspects of TMS (acoustic artifact, scalp muscle stimulation, daily experimenter contact, expectations about efficacy and side effects) but not result in cortical stimulation. The most common sham conditions angle the coil 45°or 90°off the head so that the magnetic field stimulates scalp muscles and produces an acoustic artifact, but presumably does not induce current in the cortex (Figure 1 ). In vivo validation of sham is critical. Indeed, Loo et al (2000) reported that a 45°sham was about half as potent as standard TMS in stimulating the motor cortex.
In this study, electrical voltage induced in the brain with active and four types of sham TMS was measured intracerebrally in a rhesus monkey, representing the first in vivo measurements of TMS-induced intracerebral electric fields. We also titrated the threshold for excitation of the motor cortex in normal volunteers (motor threshold [MT] ) as a noninvasive index of the cortical activity of various "inactive" sham conditions.
Methods and Materials

Intracerebral Measurement of TMS-Induced Voltage
This study was approved by our Institutional Animal Care and Use Committee. A nickel-chromium multicontact electrode (10 0.5-mm contacts, 6 mm apart) was stereotaxically implanted in an anesthetized male Macaca mulatta. A remote occipital skull entry site was used to minimize the effect of the skull defect on TMS-induced current pathways in the prefrontal cortex. A postimplantation three-dimensional magnetic resonance image (GE [Milwaukee] Signa 1.5 T, contiguous 1.5-mm slices) was obtained to verify the electrode position in the prefrontal cortex relative to fiducial markers representing TMS coil position (Figure 1 ).
Potential differences (V) between each contact and an internal reference located in the occipital cortex were differentially amplified (Tektronix [Beaverton, OR] AM-501) and digitized at 250 kHz/channel to capture the dampened cosine waveform of the TMS-induced electrical pulse. Transcranial magnetic stimulation waveforms recorded intracerebrally matched those recorded in saline models and reversed polarity when the direction of induced current was reversed. Measured voltage across the contact sites was plotted to describe the voltage gradient induced by the magnetic pulse (McCreery et al 1990) .
Active TMS and four types of sham (one or two wings of the figure-eight in contact with the scalp; 45°or 90°tilt from tangential) were applied with a figure-eight coil (5 cm diameter) to the left prefrontal cortex, 3 cm anterior to the optimal site for stimulating the right first dorsal interosseous (FDI). Transcranial magnetic stimulation was administered with the Magstim (Whitland, United Kingdom) Super Rapid (1 Hz, 5-sec train, 70% maximal output) with the subject under sedation (ketamine 15 mg/kg and xylazine 1 mg/kg intramuscularly). Motor threshold under these conditions was 22% of maximal stimulator output.
Motor Threshold with Active and Sham TMS
Eight healthy normal adult volunteers (four female, mean age 29.6 Ϯ 1.6 years, range 28 -32) were paid $10/hour for participation. Subjects were excluded on the basis of age Ͼ 50, history of DSM-IV axis I diagnosis, neurologic illness or head trauma, or use of prescription medication in the past month. No subject had previously received TMS, and all were masked to condition order. This study was approved by the Institutional Review Board of the New York State Psychiatric Institute. After complete description of the study, written informed consent was obtained.
Motor threshold was determined for active TMS and four sham conditions, administered in a randomized order. Tilt angle was held constant with a rigid wedge. Single-pulse TMS was delivered with the Magstim 200 (double 7-cm figure-eight coil). The optimal position for the FDI was defined as the scalp position eliciting the largest motor-evoked potential (MEP) and was marked on a swim cap. The coil handle was rotated 45°from the parasagittal line such that the induced current would be in the optimal direction for stimulating the motor strip. Motor threshold was determined with voluntary contraction (10% of maximal effort on a force transducer) to lower threshold and to serve as a more sensitive indicator of cortical stimulation. With a descending method of limits procedure with 2% steps, MT was defined as the minimal intensity that elicited an MEP of at least 50 V peak-to-peak amplitude averaged from five trials. At least 10 sec were allowed between successive stimulations. Repeated-measures analysis of variance on MT values was used to test for main effects of coil angle and orientation. Post hoc paired t tests were used to contrast the coil manipulation conditions.
Results
Intracerebral Measurement of TMS-Induced Voltage
Conforming to predictions (Cerri et al 1995) , there was a rapid fall-off in the amplitude of the induced voltage with increasing distance from the coil. Amplitude was linearly related to TMS intensity (r 2 ϭ .9, p Ͻ .0001). Induced voltage differed as a function of TMS condition (Figure 2 ). Individual pulses within each 5-sec train showed extremely little amplitude variation (coefficient of variation ϭ 2.4%). All sham conditions induced substantially lower voltage than active TMS, and there was no overlap between the conditions. Peak integrated voltages of the TMS-induced dampened cosine waveform in the prefrontal cortex were 171.9 Ϯ 0.7 mV for active TMS, 129.6 Ϯ 0.5 mV for two-wing 45°sham, 56.9 Ϯ 0.7 mV for one-wing 45°sham, 48.4 Ϯ 0.3 mV for two-wing 90°s ham, and 50.0 Ϯ 0.2 mV for one-wing 90°sham. Although three of the sham conditions reduced the in- duced field by 67-73%, the two-wing 45°orientation induced values that were only 24% below active TMS.
Motor Threshold with Active and Sham TMS
Mean MTs were 32% Ϯ 5% for active TMS, 66% Ϯ 12% for the two-wing 45°sham, and 85% Ϯ 19% for the one-wing 45°sham. Neither 90°sham condition elicited MEPs, even at 100% maximal output. A repeated-measures analysis of variance on MT values demonstrated significant effects of coil angle [F(1,7) ϭ 35.3, p Ͻ .0006], one wing versus two wings [F(1,7) ϭ 6.3, p Ͻ .04], and a wing by coil angle interaction [F(1,7) ϭ 6.3, p Ͻ .04]. The MT for the 45°two-wing condition was approximately twice that for the active condition [t(7) ϭ 8.19, p Ͻ .0001], and the MT for the 45°one-wing condition was 2.7 times active MT [t(7) ϭ 7.47, p Ͻ .0001].
Discussion
The 45°sham conditions elicited substantial cortical stimulation at levels corresponding to 48 -76% of active TMS, as evidenced by both MEPs in human subjects and measurements of intracerebral voltage in a nonhuman primate. In agreement with Loo et al (2000) , the effects of the 45°sham were most marked for the two-wing condition. Although Loo et al (2000) tested only the 45°sham, we demonstrate that the 90°sham (both one and two wing) conditions are devoid of biological effects as measurable in this study, and present the first in vivo measurements comparing active and sham repetitive TMS (rTMS)-induced intracerebral voltage.
These findings raise the possibility that some sham conditions may be biologically active. This could artificially increase therapeutic response to sham treatment, and may in part explain some of the variability in effect sizes across studies. The relevance of stimulation below the MT is an important issue. It is conceivable that repetitive stimulation of the prefrontal cortex at levels below the threshold for motor cortex excitation to a single pulse may have a clinical effect. In fact, several studies have found antidepressant efficacy with repetitive stimulation at 80% of MT (George et al 1997) . This observation also implies a possible role for summation from one pulse to the next, and these cumulative effects may be frequency dependent, as illustrated in the cases of rTMS-induced seizures (Wassermann et al 1996) . Further evidence that stimulation below the MT may have observable effects is found in the phenomena of paired pulse inhibition and facilitation. A subthreshold conditioning pulse can either enhance or inhibit the cortical response to a subsequent suprathreshold pulse, contingent upon the interstimulus interval (Ziemann 1999) . A limitation of this study was the lack of ratings of the subjective effects of the various sham conditions. Instead, we focused on contrasting these conditions in induced voltage and biological activity. Another limitation is that MT assesses depolarization in the motor cortex, whereas most studies in depression and mania involve the prefrontal cortex. However, our in vivo measurements of induced voltage sampled the prefrontal cortex and substantiate the MT findings.
Given these findings, we recommend tilting the coil 90°f rom tangential rather than the 45°sham to minimize cortical effects. Neither the one-wing nor the two-wing 90°sham elicited MEPs, even at maximal stimulator output. It should be acknowledged, however, that the 90°s ham may feel less intense subjectively, but this should be less of a problem for between-subject studies than withinsubject crossover designs. The correspondence seen between the in vitro recordings in monkeys and MT results in humans suggests that evaluating the MT with the sham condition selected may represent a readily available, though approximate, means of testing its biological activity. Such testing may be advisable because the output characteristics of coils differ across specific coil designs and manufacturers.
